Since the presence of chloroplast DNA was first detected in the chloroplasts of Chlamydomonas reinhardtii, the molecular aspects of chloroplast DNA have been intensively studied in various species of green organisms. Chloroplasts are photosynthetic organelles that have their own genetic system, separate from the nuclear genome which also encodes a number of chloroplast proteins. The organization of chloroplast genomes has been reviewed elsewhere.
1),2) The complete nucleotide sequences of the chloroplast genomes of a liverwort, Marchantia polymorpha ( Fig. 1), 3)-6) of angiosperms such as tobacco (Nicotiana tabacum), 7) rice (Oryza sativa) 8) and pine (Pinus thunbergii), 9) and of a protozoan Euglena gracilis 10) have been reported, providing new knowledge of chloroplast genome organization and gene expression.
1. Chloroplast genome size and physical maps. The chloroplast genomes from several species of non-angiosperm land plants have been described. Chloroplast DNA of the protozoan flagellate E. gracilis forms circular molecules of 40 mm in contour length as shown by electron microscopy.
11) The chloroplast DNA of C. reinhardtii consists of 62 mm circular molecules.
12)
All chloroplast DNAs reported so far range in terms of their coding capacity between 120 and 160 kilobase pairs (kb). Sizes of the chloroplast DNA from the ferns Asplenium nidus and Pteris vittata resemble those of higher plants.
2) Chloroplast DNA has been isolated and characterized from several species of bryophytes. Chloroplast DNA from a liverwort, Sphaerocarpos donnellii, consists of circular molecules 38.5 mm long. The liverwort, M. polymorpha, has chloroplasts with circular DNA molecules of 32 mm in length, and the physical map has been constructed by digestion with the restriction endonucleases SalI, BamHI, KpnI, and XhoI. 13) Genome sizes of chloroplast DNAs obtained from E. gracilis, C. reinhardtii, liverworts, and ferns do not necessarily represent the minimum size of DNA needed to function in plastids. In fact, the chloroplast genome from the liverwort M. polymorpha carries additional genes that are not present in the chloroplast genomes of higher plants. 6) 2. Chloroplast ribosomal RNA(rRNA) genes (rrn operon). Several differences between land plants and green algae in the rrn operon are worth noting here. Chloroplast ribosomes generally are 70S prokaryotic ribosomes sharing similarity with those of Escherichia coli. A specific feature of the liverwort chloroplast ribosomes is the presence of four species of rRNAs, namely the 16S, 23S, 5S, and 4.5S rRNAs.
3),14), 15) The nucleotide sequence of the 4.5S rRNA in these chloroplasts corresponds to the 3 0 terminal portion of the bacterial 23S rRNA. Therefore, the RNA components of chloroplast ribosomes are equivalent to those of E. coli. While the rrn operons between angiosperm plants and bryophytes show the same gene organization, the chloroplast rrn operon of E. gracilis wild-type strain Z has three species of rRNAs, 16S, 23S, and 5S rRNA which are similar to those of E. coli. However, the Euglena chloroplast genome has three complete sets of the rrn operon and one additional 16S rRNA (called the supplementary 16S rRNA; s16S rRNA) gene. 10) 3. Chloroplast transfer RNA (tRNA) genes and codon usage. Transfer RNA genes for 31 different tRNA species have been detected in the liverwort chloroplast genome (Table 1) . 4) Of these, 5 tRNA genes are present as duplicates in the inverted repeat (IR) regions. Consequently, the liverwort chloroplast genome has 36 tRNA genes in addition to a pseudogene for proline tRNA(GGG) in the small single-copy (SSC) region. The genes for these tRNAs are scattered over the genome. Six tRNA genes are split by an intron. No tRNA molecule needs to be imported from the cytoplasm to the chloroplasts, since the 31 species of tRNAs deduced from the DNA sequence are sufficient to decode all of the universal codons provided that some codons can be recognized by wobbling (G-U) or expanded wobbling (U-N, two out of three recognition). However, the possibility of tRNA transport from cytoplasm to chloroplasts cannot be excluded, since mitochondria in higher plants import several species of tRNA molecules from the cytoplasm as described below. The number of tRNA species in chloroplasts is much smaller than the over 50 species in E. coli, but higher than the 24 in the yeast mitochondrial genome and the 22 in human mitochondria, however, in the latter two mitochondrial genomes the codon table used deviates from the universal one. For tobacco and rice chloroplasts, 30 species of tRNA genes have been reported in each.
7),8)
4. Expression of overlapping genes for photosynthesis. From the complete nucleotide sequence of the liverwort chloroplast DNA, two open reading frames, psbN and psbT, have been deduced to be located between the psbB and psbH genes. In particular, the liverwort psbN transcripts overlap on the opposite DNA strand with the psbB gene and both are actively transcribed in liverwort as well as in pea chloroplasts. Consequently the psbN transcripts are partially complementary to the primary transcripts of the psbB operon. These observations imply a possibility for controlled mRNA processing or premature transcription termination in the psbB operon (Fig. 2) .
16) The products of both the psbB and the psbN genes have been identified as components of the PSII complex in chloroplasts. 17) This may be the first observation of dual functions of a chloroplast gene, one being a regulatory function by antisense RNA and the other encoding a structural component of the PSII complex. Gene clusters are also formed by the ATP synthase subunit genes atpB-atpE and atpI-atpH-atpF-atpA, respectively in the liverwort chloroplast genome.
18)
5. The rbcL gene coding for the ribulose-1,5-bisphosphate carboxylase/oxygenase (large subunit, LS). The chloroplast enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase, which catalyzes the fixation of CO 2 , consists of eight 
The AUG codon is an initiation codon. Termination codons (UAA, UAG and UGA) are indicated by ter. Amino acids are shown by three-letter symbols. The proline tRNA(GGG) gene shown in italic is a pseudogene. Ã 1 The phenylalanine tRNA(GAA) reads the UUU codon by wobbling (G-U). Ã 2 The alanine tRNA(UGC) reads the GCU, GCC and GCG codon by expanded wobbling (U-U, U-C and U-G, respectively). Ã 3 The initiation codon (AUG) is read by the formylmethionine tRNA(CAU), and the methionine codon by the methionine tRNA(CAU).
4Þ
identical large and eight identical small subunits encoded in the chloroplast and nuclear genomes, respectively. The rbcL genes in C. reinhardtii and E. gracilis have been located on physical maps of their chloroplast DNAs. The regions surrounding the rbcL genes have different gene organizations in C. reinhardtii, 19) E. gracilis, 20) and liverwort, 3) the organization of the liverwort gene around the rbcL gene rather being similar to that in higher plants.
7),8)
6. Genes for subunits of NADH-ubiquinone reductase. The mitochondrial NADH-ubiquinone reductase is an assembly of more than 20 different subunits. Seven of these subunits, ND1, ND2, ND3, ND4, ND4L, ND5, and ND6, are encoded in the human mitochondrial genome. 21) Interestingly, homologues of these genes (ndh1, ndh2, ndh3, ndh4, ndh4L, ndh5, and ndh6), and genes for the additional subunits ndh7, ndh8, and ndh9 have been identified in the liverwort chloroplast genomes. The function of these genes is believed to be another electron transport system in chloroplasts.
22)
7. Newly found genes in the liverwort chloroplast genome. In the liverwort chloroplast genome, there are three open reading frames, designated the frxA(psaC), frxB(ndh8) and frxC(chlL) genes, that show amino acid sequence similarity with an iron-sulfur (4Fe-4S) protein found in several microorganisms. 23) Two repeated sequences Cys-X-X-Cys-X-X-Cys-X-X-X-Cys-Pro-, which are the characteristic repeat units of 4Fe-4S ferredoxin, are present in the frxA(psaC) gene product. The frxA(psaC) gene product is found in the chloroplast PSI complex, and has been suggested to be an apoprotein for the iron-sulfur center A, B, or both. 24) The frxB(ndh8) gene product also contains nine cysteine residues like the frxA(psaC) product, its amino acid sequence can be aligned with that of bacterial 4Fe-4S type ferredoxin and it is a subunit of the NDH complex. The frxC(chlL) gene product has similarity to the bacterial nitrogenase component encoded by the nifH gene, the Fe-protein. The frxC(chlL) gene encoded protein has nine cysteine residues, four of which are located in the region of similarity to the nifH gene products. Curiously, no gene corresponding to the frxC(chlL) gene has been found in the tobacco or rice chloroplast genomes. The frxC(chlL) gene product also shows high similarity with a putative protein encoded by the F202 gene of a purple non-sulfur bacterium, Rhodopseudomonas capsulata. 25) We have found a homologue of the frxC(chlL) gene in the cyanobacterium Synechocystis PCC6803 26) and its participation in the biosynthesis of chlorophyll has been shown in Plectonema boryanum.
27)
The two liverwort open reading frames coding for polypeptides of 370 and 288 amino acids have been designated mbpX(cysA) and mbpY(cysT), respectively. These gene products have telling similarity with those of the hisP and hisQ gene products of the histidine transport system in Salmonella typhimurium, and those of the corresponding respective malK and malF gene products in the inner membrane complex of the maltose transport system in E. coli. 28) These gene products may be associated with components derived from the nuclear genome, forming a sulfate transport complex in chloroplasts. These genes are absent from the chloroplast genomes of tobacco 7) and rice.
8)
II. Gene organization of the liverwort mitochondrial genome
Plant mitochondrial genomes (mtDNAs) are variable in size, ranging from about 200 kb in Brassica to over 2,000 kb in muskmelon, and are more complex than those of mammalian and fungal mitochondria. 
16)
A region of double strand RNA formation.
No. 3]
Gene organization of plant genomes and molecular evolutiona hypothetical master chromosome is resolved into smaller subgenomic molecules by homologous recombination between repeated sequences.
33),34)
These features hamper the determination of the complete gene organization of the mitochondrial genomes of plant species.
1. The complexity of plant mitochondrial genomes. The analysis of the gene organization and structure of flowering plant mitochondrial genomes is made difficult by their dynamic and variable structures. This complexity is mostly due to the presence of large inverted and tandem repeated sequences in mtDNA species. These repeated nucleotide sequences cause frequent homologous recombination events which produce a large number of multipartite molecules. In contrast to these genome complexities in vascular plants we found that the mtDNA from the liverwort M. polymorpha consists of a single species of DNA molecules. The absence of large repeated sequences and homologous recombination mechanisms in liverwort mitochondria are probably responsible for this uniformity of the mtDNA. This observation implies that homologous recombination mechanisms in mitochondrial genomes may have been introduced into angiosperm plants after the branching of the angiosperm plants from the bryophytes. Secondary loss of recombination may be responsible for the homogeneous mitochondrial genome in the white mustard, Brassica hirta which contains a single species of mtDNA of 208 kb in length. 35) This mitochondrial genome probably lost homologous recombination mechanisms late in evolution, because in the mtDNAs of several closely related Brassica species large repeated sequences and frequent recombination events are observed.
2. Mitochondrial genome size and gene composition. Analysis of the liverwort mtDNA by electron microscopy and restriction endonuclease mapping indicated that the liverwort mitochondrial genome is a single circular molecule of about 184.4 kb in size. 36) In the complete sequence of the liverwort mtDNA (186,608 bp), we detected 96 genes.
37),38) These include genes for three species of ribosomal RNA, 29 genes for 27 species of transfer RNA, 31 open reading frames for functionally known proteins. These are 16 ribosomal proteins, 3 subunits of the H þ -ATPase, 3 subunits of the cytochrome c oxidase, the apocytochrome b protein, and 8 subunits of the NADH ubiquinone oxidoreductase. Two pseudogenes are present, cob for cytochrome b and nad7 for an NADH dehydrogenase subunit, respectively. The genes identified on the liverwort mitochondrial genome are summarized in Fig. 3 .
3. Mitochondrial transfer RNA (tRNA) genes and codon usage. We located 29 tRNA genes encoding 27 species of tRNAs, including two duplicates, trnfM and trnY. 37), 39) While the tRNA population characterized in bean mitochondria consists of mitochondrial and nuclear-encoded species, and some tRNAs from potato (Solanum tuberosum) are chloroplast-like species that originated from the chloroplast genome and were transferred to the mtDNA during evolution, none of the tRNA genes detected in the liverwort mitochondrial genome is chloroplast-like. However, even after allowing for wobbling and modification of the anticodons, genes for two species of tRNAs (trnI Unidentified ORF.
37),38)
and trnT) can not be detected, but are required for reading all of the codons in the liverwort mitochondrial protein coding genes. To translate all codons used in liverwort mitochondrial genome, these two tRNA species must be imported from the cytoplasm into the mitochondria (Table 2 ).
40)

III. Characterization of organellar introns in plants
On the basis of structural features, such as nucleotide sequences or potential secondary structures, two types of introns are found in organelles, group I and group II introns 41) although an another type of introns (group III) is reported to be present in E. gracillis chloroplast genome.
10) Group I introns are widely distributed over the genomes of bacteriophage, prokaryotes and organelles. Group II introns are present in mitochondrial genomes of fungi and plants, and in chloroplast genomes. Group I and group II introns were originally described as two families of introns which, in addition to encoding proteins, possess unique secondary structures. Since then, the structured RNA components of group I introns have been shown to be responsible for the self-splicing phenomenon discovered by Cech, 42) while various functions are ascribed to the proteins encoded by some of these introns.
Chloroplast introns and their splicing.
Introns are present not only in the genes of eukaryotic cells, but also in yeast mitochondrial genes and in the chloroplast 23S rRNA gene of C. reinhardtii. 43) Chloroplast DNA from E. gracilis contains a minimum of 149 introns. There are 72 individual group II introns, 46 individual group III introns, 10 group II introns and 18 group III introns that are components of twintrons. 10) In other plants, chloroplast introns belong to either group I or group II depending on their secondary structure as described for mitochondrial introns. 41) There are 20 different introns in the liverwort chloroplast genome. Only one group I intron has been found in the leucine tRNA(UAA) gene. The rest of the introns in the liverwort chloroplast genome has the typical secondary structure of group II introns.
4)
(1) A trans-splicing gene in the liverwort chloroplast genome. Among these split genes, as described earlier, a coding sequence corresponding to the ribosomal protein S12 gene (rps12) of E. coli is split into three exons. Exon 1 is located far from the two other exons on the opposite DNA strand (trans- 
The AUG codon is an initiation codon. Termination codons (UAA, UAG and UGA) are indicated by ter. Amino acids are shown by three-letter symbols. The isoleucine tRNA(GAU) and threonine tRNA(UGU) indicated in italic are predicted to be imported from the nucleus. The isoleucine tRNA(GAU) and threonine tRNA(AGU) indicated by box have been shown to be imported from the nucleus.
40Þ
split gene) (Fig. 4) . 44) S1-nuclease and northern hybridization analysis with RNA prepared from liverwort chloroplasts has shown that transcripts of exon 1 and exons 2-3 of the rps12 gene with neighboring genes are synthesized separately. There is no particular splicing order of intron 1 (trans) and intron 2 (cis). The gene (psaA) for the P700 chlorophyll -apoprotein of PSI in the C. reinhardtii chloroplast genome is also trans-split into three exons with two group II introns.
45) The exons are like the rps12 exons in the liverwort transcribed independently from different DNA strands and are trans-spliced into mature mRNA. Mutant analysis of C. reinhardtii has shown that nuclear mutants deficient in PSI are specifically affected in psaA RNA splicing. This study showed that gene products from the nuclear genome are involved in the chloroplast RNA splicing event that is required for expression of the psaA gene. Recently, RNA transsplicing was also reported to play an important role in the expression of the negative RNAi regulator ERI-6/7 gene in Caenorhabditis elegans.
46) RNA splicing of two cis-introns in the liverwort orf203(clpP) gene most likely processes successively in the 5 0 to 3 0 direction, indicating that ordered splicing occurs in the chloroplasts of land plants. 47) However, RNA splicing of cis-and trans-introns present in the rps12 gene in liverwort chloroplasts takes place independently. This indicates that RNA processing of transcripts is closely linked to how the order of RNA splicing is decided. To elucidate the RNA splicing mechanisms in chloroplasts, the development of an in vitro RNA splicing system has been attempted.
48)
2. Introns in the liverwort mitochondrial genome. The 186,608 bp of the liverwort mitochondrial genome are predicted to code for 96 genes, of which 17 are interrupted by a total of 32 introns.
37),38) Based on their sequence and structure analysis, twenty-five of the introns are assigned to the group II, the remaining seven belong to the group I. The seven group I introns are the 3rd, 4th, and 6th to 9th introns of the cox1 gene coding for cytochrome c oxidase subunit 1, and the sole intron in the nad5 gene for subunit 5 of the respiratorychain NADH dehydrogenase. The splice junctions of the nine cox1 introns were determined by a comparison with fungal coxI(cox1) genes by taking advantage of the presence of the consensus nucleotides at intron-exon junctions.
49)
(1) Introns in the cox1 gene of the liverwort mitochondrial genome. Interestingly, while the cox1 genes of higher plants contain no introns at all, more than half of the liverwort cox1 introns happen to be inserted at the same sites where introns have been reported to exist in the genes of fungal mitochondrial genomes (Fig. 5) .
50) The site of insertion of the liverwort 2nd intron coincides with that of first intron from the yeast Saccharomyces cerevisiae. The liverwort 4th intron is inserted at the same site as the first intron in the fission yeast Schizosaccharomyces pombe. The site of the insertion of the liverwort 6th intron is identical to that of introns in three filamentous fungi, Neurospora crassa and Podospora anserina. The liverwort 7th and 8th introns interrupt the cox1 gene at the same places as introns in yeast, fission yeast and Podospora. Of all these introns, only the liverwort 2nd intron and the yeast first intron belong to the group II of introns. 
44)
(2) Secondary structure analysis of the liverwort group I introns. Secondary structure models of liverwort group I introns are all typical of subgroup IB, the same group that all of the fungal introns inserted at sites identical to the liverwort 4th, 6th, 7th and 8th introns in the cox1 gene belong to. The secondary structures and primary sequences of the 6th to 8th introns in the cox1 gene have been compared with those of their fungal counterparts as well as a broader selection of subgroup IB introns, 49) but these comparisons remained inconclusive. The two proteins translated from these reading frames exhibit characteristic dodecapeptide motifs. We searched our database of intron-encoded proteins for possible close relatives of the putative proteins encoded in their introns. In both cases, the only sequences with which any one of these orfs could be aligned over nearly the entire length turned out to be the fungal introns inserted at the respective homologous site, that is, the first intron in the S. pombe cox1 gene for the liverwort 4th intron, and the 15th intron in the P. anserina cox1 gene for the liverwort 8th intron in the cox1 gene.
(4) Intragenomic propagation of liverwort mitochondrial group II introns. Six groups of highly similar group II introns are found in the liverwort mitochondrial genome. 50),51) The well-conserved secondary structures, compensatory nucleotide changes and high percentages of nucleotide sequence identities among the group II introns in each similarity group strongly suggest that respective ancestral introns propagated intra-genomically long after the divergence of the bryophytes from the fungal kingdom. This evolutionary spreading to additional locations implies that the compatibilities between the exon binding sequence (EBS) of an intron and the intron binding sequence (IBS)-like sequence of the exon at the new location must be compatible to allow the insertion of the intron into the new mRNA sequence via a reverse splicing process.
50) A mechanism of amplifying and spreading of introns via an RNA intermediate has been proposed. 51) This intron acquiring processes proceeds by reverse-splicing, reverse transcription, and finally homologous recombination to integrate the intron as DNA into the genome. The compatibilities of EBS and IBS sequences in similar introns in the liverwort mitochondrial genome suggest that these intron families have arisen via such reverse splicing processes.
51) The mitochondrial element which mediates the amplification and integration of RNA sequences into new sites in the genome seems to be the RNA maturase encoded in these group II introns, because amino acid sequence motifs characteristic of reverse transcriptases are found in these reading frames. 52) There is also a likely trace of an RNA maturase encoded in the 2nd intron of nad7 gene of the liverwort mitochondrial genome that had been inserted by a transposon-like mechanism. These observations suggest the mobility of the RNA maturase genes and the possibility of a participation of RNA maturases in the intron propagation.
51)
IV. RNA editing in plant organellar genomes RNA editing was first identified as the insertion and the deletion of uridine residues in mitochondrial mRNAs of kinetoplastids in protozoa. 53) RNA editing by the conversion of C residues to U residues in the mRNA was subsequently reported in mitochondria and chloroplasts in several species of plants. 54 ),55) RNA editing is apparently lacking in liverwort mitochondria and chloroplasts since the nucleotide sequences of these liverwort organellar DNAs are well-conserved at the DNA level for maintaining the expected amino acid sequences of evolutionarily conserved proteins (Fig. 6) . 56) Moreover, we found a very high frequency of conversions 
50)
from T to C residues in the mitochondrial genes of higher plants in comparison to the corresponding liverwort genes. This implies that the RNA editing system was introduced into the branch of the angiosperm plants after the divergence from the bryophytes as a mechanism for reverting the frequent conversion of T residues to C residues, rather than for the conservation of amino acid sequences.
57)
1. Evolutionary mechanisms for the restoration of AT!GC changes in angiosperms. It has previously been proposed that the CGG codon is specifying tryptophan instead of arginine in plant mitochondria.
58) Gualberto et al. 54) and Covello and Gray 59) described RNA editing with C!U conversions (C residues that are edited to U residues in the corresponding mRNA sequences) in the coxII (cytochrome c oxidase, subunit II) mRNA in wheat mitochondria. These conversions result in UGG codons in the mRNA that can be recognized by the tryptophan tRNA according to the universal genetic code, and it was accordingly suggested that RNA editing contributes to the conservation of mitochondrial protein sequences in plants. We have looked for the requirement of RNA editing in the sequence of the liverwort mtDNA at positions in genes where edited RNA was reported in higher plants, but almost all C residues in RNA editing sites in higher plants are coded as T residues in the liverwort mtDNA (Fig. 6A) . Two possible sites were found in the liverwort cob gene, but RNA/ cDNA sequencing did not show any evidence of RNA editing (Fig. 6B) . 50) These results indicate that liverwort mitochondria do not require RNA editing for gene conversion.
From an evolutionary perspective, there are at least two possibilities when RNA editing appeared to correct protein coding sequences: (1) RNA editing was an ancient mechanism in the RNA world or (2) RNA editing evolved after the evolutionary divergence of the angiosperm plants. The evidence described here strongly suggests that RNA editing is not a relic of an ancient mechanism for protein sequence conservation. It is likely that RNA editing first appeared in land plants after the divergence of angiosperm plants from non-angiosperm plants (e.g. the bryophytes). However, this does not rule out the possibility that liverwort mitochondria did use RNA editing prior to the divergence of angiosperms and bryophytes and that Marchantiid subsequently ceased to use this process.
60)
Appearance of RNA editing in angiosperm mitochondria is possibly correlated with with an 
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56)
AT!GC exchange pressure in evolution. The GC content of the coxII gene in angiosperm plants is with e.g. 40% in wheat higher than in non-plant species (26% in yeast) and in the liverwort with 35%. This indicates that during evolution of the land plants the mutations T!C and A!G took place at higher rates in mitochondrial genomes of angiosperm plants than in the liverwort and in nonplant species. 57) In summary these results strongly suggest that RNA editing (C!U and G!A conversion) has been introduced into the mitochondrial genome of angiosperm plants to accommodate the T!C changes introduced by the AT!GC change pressure by restoring the codons required inconserved protein sequences.
V. Evolution of organellar genomes
An autogenous origin of chloroplasts and mitochondria had long been believed to have occurred within eukaryotic cells by the formation of membrane compartments. However, molecular data accumulated by DNA sequence analysis of gene organization and composition strongly suggest that chloroplasts and mitochondria originated from common ancestors with cyanobacteria and alphaproteobacteria, respectively. We have deduced a single origin of chloroplasts based on the complete DNA sequence analysis of chloroplast genomes from several species of plant cells.
3),7)-9) On the other hand, there is still doubt whether a single endosymbiotic event or several were involved in the establishment of the mitochondria.
1. Single origin of the chloroplast genome. From the evolutionary point of view, we have proposed a single origin of chloroplasts in green land plants. 61 ),62) Analysis of chloroplast gene organization, gene sequence, gene expression system supports the idea that chloroplasts originate in evolution from specific ancestors common with cyanobacteria by a process of endosymbiosis into a progenitor cell of photosynthetic eukaryotes.
63)
During the establishment of an ancestral plant chloroplast, many prokaryotic genes must have migrated from the genome of the endosymbiotic chloroplast progenitor to the host nucleus, and many of them remain detectable as such in the nuclear genomes in present day plants. The allocation of the genes for all the chloroplast components to either the chloroplast or the nuclear genome is basically identical in both liverwort and higher plants. Therefore the present nuclear-chloroplast relationship was most likely established about 300-400 million years ago. From this single origin, the variations in the present day chloroplast genomes in plants and rearrangements in chloroplast DNA have evolved as a result of the accumulation of mutations in nucleotide sequences, but rarely from changes in gene content.
2. Evolution of the mitochondrial genome. The mitochondrial genomes of higher plants exhibit extraordinary differences in their sizes, 30) in gene transfers from the chloroplast genome into the mitochondrial genome, 64) and in rearrangements due to homologous recombination.
33), 34) These observations make it difficult to speculate on the ancestral mitochondrial genome.
In higher plant mitochondria only one secondary invasion event of group I introns has yet been reported. 65) Assuming group I introns are indeed originally absent from the mitochondrial compartment of these organisms, two contrasting explanations may account for their presence in the mitochondrial genes of the liverwort, M. polymorpha. Either group I introns were present in the last common ancestor of bryophytes and angiosperms, and got lost in the branch leading to the latter or they were missing from that common ancestor, and have subsequently been acquired somewhere along the branch leading to the bryophytes.
VI. Gene organization of the liverwort Y chromosomes
In many sexually dimorphic organisms, sex chromosomes play key roles in sex determination and sexual development. In mammals, for example, a female has two X chromosomes, while a male has one X and one Y chromosome (XX/XY system). The mammalian Y chromosome carries a gene that induces testis development (e.g. mouse SRY) 66), 67) and thus determines male sex. In humans, the Y chromosome is smaller than most of the other chromosomes and harbors less than 200 genes, whereas the X chromosome contains 1,098 genes.
68)
The Y chromosome has accumulated mutations and lost many genes, due to suppressed recombination with the X chromosome as reviewed and discussed by Charlesworth and Charlesworth.
69)
Sex determination systems in dioecious plants are thought to have evolved many times from hermaphroditic ancestors. 70) Analogous to the mammalian XX/XY system, in the dioecious angiosperm white campion (Silene latifolia) males are XY and females XX. The Y chromosome induces male development. 71) In papaya (Carica papaya), a dominant male-determining locus resides in a chromosomal region on one chromosome where recombination is suppressed and the DNA sequence has extensively diverged from its homologous region on the X chromosome.
72) Therefore, this papaya chromosome is considered an immature Y chromosome in an emerging XX/XY system. In dioecious sorrel, Rumex acetosa, a male individual has one X and two Y chromosomes, while a female has two X chromosomes. Here the presence of Y chromosomes has no influence on triggering male development, but as is the case in Drosophila, the X/autosomal balance determines the sex.
73),74)
Y chromosomes in haploid dioecious organisms also appear different from other chromosomes, but have been poorly studied. Under haploidy, both X and Y chromosomes should evolve in the same way.
75) The liverwort M. polymorpha, an extant species of the earliest land plants, 76) is dioecious, and the dominant forms in its life cycle are female and male haploid thalli. These are phenotypically identical until the female or male sexual organs differentiate. After fertilization by flagellated sperm, a diploid zygote develops into a sporophyte by mitosis, followed by meiosis to produce haploid spores which germinate and develop into the next generation thalli. The haploid thalli of both sexes can also propagate asexually by so-called gemmae.
Several bryophyte species have been reported to possess sex chromosomes, 77) in M. polymorpha the haploid set of chromosomes consists of eight autosomes and a single sex chromosome, an X chromosome in females (n ¼ 8 þ X) and a Y chromosome in males (n ¼ 8 þ Y). Therefore, unlike in the XX/XY system, the X and Y chromosomes in M. polymorpha are separated from each other during most of the life cycle. In M. polymorpha, the X and Y chromosomes align during meiotic metaphase but keep some distance from each other and are in the diakinesis stage separated earlier than the autosomes, 78), 79) suggesting that no recombination between the X and Y chromosomes is possible. The extensive sequence analysis of the M. polymorpha Y chromosome reported here not only provides an indepth view into the gene content and structure of a plant sex chromosome but also yields insights into the evolution of recombination-suppressed sex chromosomes in a haploid genome. (Fig. 7B ).
81)
Contig-A and Contig-B were cytologically mapped on the Y chromosome by fluorescence in situ hybridization (FISH). 
82)
2. Genes on the Marchantia Y chromosome. Similarity searches against the public sequence databases and M. polymorpha ESTs detected 64 genes, 9 in YR1 and 55 in YR2 (Fig. 7C ).
Genomic PCR and/or Southern blotting shows for 25 of the Y-chromosome genes similar sequences also in female DNA, while the remaining 39 genes appear to be present only in the male DNA. Fourteen genes, one in YR1 and 13 in YR2, are unique to the male genome and in addition show sexual organ-specific expression. These genes are thus candidates for male reproductive functions.
Although no closely similar homologs of the M. polymorpha Y-linked genes were found in searches of other species' Y chromosomes, we identified some putative genes from open reading frames whose translated sequences resemble some animal male-fertility proteins. Among the 14 putative male reproductive genes, six encode proteins whose homologs are found in animals but not in angiosperms. Since in bryophytes male gametes are flagellated sperm, spermatogenesis in M. polymorpha and animals could very well share some proteins of common evolutionary descent, and these six genes may be involved in analogous functions in spermatogenesis.
Another 40 genes on the Y chromosome are expressed in vegetative thalli as well as in male sexual organs and thus may code for functions not related to male sexual differentiation. The rest of ten genes were not expressed in thalli as well as in sexual organ.
Repeats and transposable elements.
Both YR1 and YR2 are rich in repeats, but the origins of these repeats are strikingly different. The YR1 domain consists of unique small repeat sequences of only several hundred nucleotides, which are assembled in various stoichiometries to form different arrangements of the 2.4-kb BamHI repeat family. Structures and sequences of these elements have been analyzed previously. 83) When DNA of clone pMM23-104E4 (Contig-A of YR2), which is one of the first clones isolated from YR2, and of a fragment of the 2.4-kb BamHI repeat were simultaneously applied to prometaphase chromosomes of male plants in FISH experiments, the signal of the 2.4-kb BamHI repeat identifies only YR1, the signal of pMM23-104E4 lights up only YR2 in its entirety.
84)
On the other hand, the M. polymorpha X chromosome (20 Mb) carries a large cluster of ribosomal DNA (45S rDNA) designated XR1 (X chromosome Region 1) (Fig. 8) , while no rDNA is found on the Y chromosome.
85) When DNA of pMM23-104E4 and a fragment of the rDNA sequence on the X chromosome 85) were used in a FISH analysis of female chromosomes, the signal of pMM23-104E4 was detected on a segment of the X chromosome (designated X chromosome Region 2; XR2) ( Fig. 8 ) distinct from the rDNA signals, as well as on autosomes. The Contig-A region in YR2 of the Y chromosome thus contains sequences similar to motifs on a specific segment of the X chromosome as well as on autosomes.
Several repeats in YR2 are related to transposable elements. While the total complexity of common interchromosomal repeats remains unknown without sequence information of the entire genome, intrasegmental repeats of at least 200 bp and at least 90% identity alone account for 43% of YR2. An interesting similarity to YR2 is seen in humans, where common repeats such as LINE1 (long interspersed nuclear element 1), Alu and retroviral elements account for 47% of the euchromatic MSY (Male-Specific region of the Y chromosome).
86)
4. Evolution of the M. polymorpha sex chromosomes. Like X and Y chromosomes of other organisms, the M. polymorpha sex chromosomes probably originated from a regular autosome. A widely accepted scheme for the evolution of Y chromosomes in the XX/XY system consists of three major events: acquisition of the sex-determining loci, suppression of recombination, and genetic degeneration driven by evolutionary processes such as Muller's ratchet. 69),87) However, Bull predicts that the evolution of sex chromosomes in a haploid system is different from that in a diploid system.
75)
In a haploid organism, degeneration should not occur, because it would impair essential genes. Essential genes on the Y chromosome should thus also be present on the X chromosome, since females will likewise require these genes. Although the high synonymous substitution rate observed among the X-Y gene pairs suggests that the M. polymorpha Y chromosome has been long established, the 14 putative male reproductive genes are far fewer than the 40 putative general function genes expressed in thalli and sexual organs. The higher proportion of putative general function genes on the M. polymorpha Y chromosome is consistent with the prediction that in a predominant haploid life style degeneration must not impair non-redundant genes whose expression is essential to survival of the organism (Fig. 8) . 
